Curcumin and quercetin are natural compounds with a wide spectrum of activities, including antioxidant and anticancer activities. In this study, the combined effect of the two compounds was investigated, with special emphasis on the pharmacokinetics of curcumin by the quercetin-induced changes in the albumin binding of curcumin. We evaluated the effect of quercetin on the binding of curcumin to albumin and on the uptake of curcumin into the cells of the human colon carcinoma cell line WiDr. In addition, we also investigated changes in the in vivo pharmacokinetics of curcumin and curcumin sulfate (the major metabolite of curcumin) coadministered with quercetin. We found that quercetin inhibited the bind-ing of curcumin to albumin and increased the uptake of curcumin into WiDr cells, the human colon carcinoma cell. The quercetininduced increased uptake (1.6-fold) of curcumin into WiDr cells was also confirmed by an ex vivo study. The in vivo pharmacokinetics of curcumin showed obvious changes when it was coadministered with quercetin, with the significantly lower plasma concentration and greater biliary excretion of curcumin and curcumin sulfate. The present study suggests that quercetin could enhance the cellular uptake of curcumin and modulate in vivo pharmacokinetics of curcumin, and it could be related to albumin-binding interaction.
Introduction
Curcumin [(E,E)-1,7-bis(4-hydroxy-3-methoxy-phenyl)-1,6-heptadiene-3,5-ione], a yellow hydrophobic phenolic pigment derived from the rhizome of the herb Curcuma longa, is commonly used as a dietary spice and a flavoring and coloring agent in food. It has a wide spectrum of biological and pharmacological activities, including antioxidant, antiinflammatory, antimicrobial, and anticancer activities (Mahady et al., 2002; Sharma et al., 2005; Aggarwal et al., 2007) . In addition, curcumin is effective in the treatment and prevention of various diseases, especially colorectal cancer (Hsu and Cheng, 2007; Shehzad et al., 2010; Watson et al., 2010) .
Serum albumin is a plasma protein that affects the transport, distribution, and metabolism of many exogenous ligands (Barik et al., 2003) . Curcumin has high affinity for binding with albumin via both hydrophilic and hydrophobic interactions, and this binding mainly occurs in the subdomain IIA (site I), where tryptophan 214 is located (Pulla Reddy et al., 1999; Mandeville et al., 2009) .
Quercetin is a flavonoid antioxidant found in a wide variety of plant products (Boots et al., 2008) . It is one of the most potent bioflavonoids studied and possesses diverse pharmacological activities, including antiinflammatory, antineoplastic, cardioprotective, and anticancer activities (Wang, 2000) . Because curcumin and quercetin have similar pharmacological activities, their combination has been tested for use as a therapeutic agent or health supplement (Cruz-Correa et al., 2006) .
Quercetin also has a high affinity for serum albumins, and quercetin binds to albumin at the same site as curcumin, i.e., the IIA domain (Boulton et al., 1998) . Because changes in the free drug concentration due to displacement of protein binding may affect drug efficacy in cases of intravenously administered high-extraction ratio drugs (Rolan, 1994; Benet and Hoener, 2002) , the objective of this study was to study the effect of quercetin on the pharmacokinetics of curcumin; to this end, we examined the effects of quercetin on the transport of curcumin in in vitro, ex vivo, and in vivo studies. We evaluated the effect of quercetin on the binding of curcumin to albumin and on the uptake of curcumin into the cells of the human colon carcinoma cell line WiDr (Noguchi et al., 1979; Cunderlíková et al., 2005) . In addition, we also investigated the changes in the in vivo pharmacokinetics of curcumin including biliary excretion when the latter was coadministered with quercetin.
Albumin-Binding Affinity of Curcumin. To measure the binding affinity of curcumin to rat albumin, we used the spectroscopy method with rat serum albumin (RSA) by performing a slightly modified version of a previously described procedure (Pulla Reddy et al., 1999) . A stock solution (500 g/ml) of curcumin was prepared in absolute ethyl alcohol. Curcumin solutions with or without quercetin were mixed with 5.745 g/ml RSA, and the fluorescence intensities of these solutions were measured using a spectrofluorometer (FP-750; Jasco Corporation, Tokyo, Japan) at an excitation wavelength of 280 nm and an emission wavelength of 330 nm. The degree of binding between curcumin and albumin was calculated as the percentage of fluorescence quenching in the curcumin-containing solutions to that in the RSA solutions that did not contain curcumin.
In Vitro Cellular Uptake Study. We quantified the uptake of curcumin into WiDr cells by using a previously reported method (Zhang et al., 2007) . WiDr cells were seeded onto 12-well plates at a concentration of 10 5 cells/cm 2 and cultured overnight. The culture medium was then removed, and each well was washed twice with 2 ml of phosphate-buffered saline at 37°C; then, 1 ml of complete medium containing curcumin (15 M with 0.1% dimethyl sulfoxide) and 10% fetal bovine serum were added to each well, and batches of the cells were incubated for 10, 20, or 30 min. Quercetin was added to evaluate whether the curcumin uptake by WiDr cells was increased via quercetinmediated inhibition of the binding between curcumin and albumin. At the end of the incubation period, the medium was removed by suction, and the wells were washed twice with 2 ml of ice-cold phosphate-buffered saline (4°C). The cells were subsequently lysed in 1% Triton X-100. The concentration of curcumin in the cells was determined by HPLC.
Ex Vivo Study of the Effect of Quercetin on the Uptake of Curcumin into WiDr Cells. The plasma samples collected from the quercetin-treated rats were used in an ex vivo study. Plasma containing quercetin and its metabolites was collected 80 min after the intravenous infusion of quercetin (16.5 mg/kg per hour) was started. The plasma samples obtained from the vehicle-treated rats were used as the control. The plasma (1 ml) was pretreated with acetonitrile (2 ml) to remove proteins, evaporated, and reconstituted in 1 ml of the complete medium; then, curcumin was added to obtain a concentration of 15 M. The procedure used in the uptake experiment was the same as that used in the experiment on cellular uptake.
In Vivo Pharmacokinetic Study. Under anesthesia, the left femoral vein (for drug administration) and artery (for blood sampling) and the bile duct of each rat were cannulated using a polyethylene tube (Natsume, Tokyo, Japan) (Oh et al., 2009) . Curcumin dissolved in dimethylacetamide (15%), polyethylene glycol 400 (45%), and 5% dextrose (40%) were administered to the rats as an intravenous infusion at the rate of 18 mg/kg per hour and was administered intravenously just before the infusion was started (Ma et al., 2007) . Quercetin was coinfused intravenously at the rate of 16.5 mg/kg per hour for quercetin-treated rats immediately after intravenous administration of quercetin at a dose of 56 mg/kg. Plasma and bile samples were collected at 0, 20, 40, and 80 min after starting the infusion and stored in a freezer (Ϫ80°C) for subsequent use in HPLC analysis.
Analysis of Curcumin and Quercetin. The HPLC method was used to determine the curcumin concentration in the plasma and bile (Ma et al., 2007) and the quercetin concentration in the plasma (Morand et al., 1998) . Quantification of curcumin sulfate by HPLC was based on a previous report by Ireson et al. (2001) . The intraday precision and accuracy of the replicate assay were tested by using three different concentrations of the drug solutions, and the interday precision and accuracy were determined for three independent experimental assays of the aforementioned replicates.
Data Analysis. Pharmacokinetic parameters were calculated using the noncompartmental pharmacokinetic analysis method (Gibaldi and Perrier, 1982) . Biliary clearance was calculated by dividing the excreted amount of curcumin into bile by area under the plasma concentration-time curve (AUC) for 80 min. A P value of Ͻ0.05 was considered to be statistically significant using an unpaired t test. Data were expressed in terms of mean Ϯ S.D. values.
Results and Discussion
The analysis of plasma concentration of curcumin and quercetin was validated using the standard procedure (Wilson, 1990) . The calibration curves of curcumin and quercetin showed good linearity over the tested concentrations. The precision and accuracy of the tests were within the standard range. Figure 1A represents the quercetin-mediated inhibition of the albumin-binding of curcumin. The IC 50 of quercetin required to inhibit the albumin-binding of curcumin was approximately 1 M. It is interesting to note that similar results were obtained in the curcumin-uptake study (Fig. 1B) : quercetin treatment resulted in a dose-dependent increase in curcumin uptake by WiDr cells, and the EC 50 of quercetin in this case was approximately 0.3 M. Thus, the dose-dependent effect of quercetin on the albumin-binding was similar to that on the curcumin uptake into WiDr cells. It is common knowledge that drugs binding with albumin cannot permeate the biological membrane, and the quercetin-mediated inhibition of curcumin-albumin binding is likely to result in an increased uptake of curcumin. Curcumin has a high affinity for binding with albumin, and the binding site for curcumin is the same as that for quercetin (subdomain IIA). Thus, quercetin can effectively block the binding of albumin with curcumin, resulting in an increase in the fraction of unbound curcumin in the medium and thereby increasing the uptake of curcumin by WiDr cells. Our findings are also supported by those of recent in vitro studies, which showed that quercetin and warfarin compete for albumin bind- ing (Di Bari et al., 2010) . The possibility that the increase in the curcumin uptake was caused by quercetin-induced transporter inhibition (Anuchapreeda et al., 2002; Zhou et al., 2004; Li and Choi, 2009) can be excluded by considering the findings of studies on the effect of probenecid and cyclosporine A-multispecific active drug transport inhibitors (Shitara et al., 2005) ; these chemical inhibitors did not lead to any increase in the uptake of curcumin into WiDr cells.
In addition, the quercetin-induced increase in the uptake of curcumin into WiDr cells was confirmed in the ex vivo study. Constituents of the plasma obtained from the quercetin-treated rats increased the uptake of curcumin into WiDr cells; the curcumin uptake in the media containing constituents of plasma obtained from the quercetintreated rats was significantly higher than that in the control media (1.6-fold at 20 min; Fig. 2 ). This finding suggests that the coadministration of curcumin and quercetin may enhance the in vivo delivery of curcumin into tumor cells. Because albumin is present in tumor tissue (Luo et al., 2005) , the availability of unbound curcumin to tumor cells would enhance the overall pharmacological effect of curcumin.
To evaluate the effect of quercetin on the in vivo pharmacokinetics of curcumin, we assessed the pharmacokinetic parameters at a point when the concentration of curcumin reached a steady state during continuous infusion of curcumin. Rats were administered an intravenous infusion of curcumin (18 mg/kg per hour), with or without coinfusion of quercetin (16.5 mg/kg per hour), and the changes in their mean arterial plasma concentration were determined (Fig. 3A) ; the relevant pharmacokinetic parameters assessed are listed in Table 1 . The plasma concentration of curcumin was significantly lower and the total curcumin clearance in the quercetin-treated group was significantly higher than the corresponding values in the curcumin-treated group (P Ͻ 0.05) ( Fig. 3A; Table 1 ). However, the biliary-excreted amount of curcumin was considerably higher in the quercetin-treated group (3.0-fold, P Ͻ 0.001) (Fig. 3B ). Because curcumin suppresses proliferation and induces apoptosis in biliary cancer cells, and thus could be developed into effective chemoprevention against cancers such as cholangiocarcinoma (Prakash et al., 2009; Suphim et al., 2010; Prakobwong et al., 2011) , this finding may be meaningful for using curcumin effectively as a treatment for bile duct cancer.
Because albumin is a ubiquitous protein synthesized by hepatocytes, we can infer that quercetin can effectively inhibit the albumin binding of curcumin in the plasma and liver; this, in turn, would make available a large amount of unbound curcumin in the plasma and liver tissue, thereby resulting in an increased transport of curcumin through the sinusoidal and canalicular membranes of the liver. Although the plasma concentration of quercetin in the rats was low (6.56 M) compared with albumin concentration, the total concentration of quercetin and its metabolites may be much higher, considering extensive metabolic cascade of quercetin in the liver (Jones et al., 2004) . Because metabolites of quercetin also bind with albumin (Janisch et al., 2004), quercetin and its metabolites may contribute simultaneously to block curcumin-albumin binding.
Even if changes in albumin binding have an important influence on clinical effects or toxicity in limited cases, it should be taken into account when high extraction ratio drugs are administered intravenously, such as those in this study (Sansom and Evans, 1995; Benet and Hoener, 2002; Gambacorti-Passerini et al., 2003; Smith et al., 2010) . Our results clearly showed that metabolite formation increased by quercetin; AUC of curcumin sulfate decreased by 2.5-fold and its biliary excretion increased by 1.7-fold in the quercetin-treated group compared with control ( Fig. 3B ). All of these results indicated that quercetin could modify the pharmacokinetics of curcumin in vivo, and it may be related to the interaction of quercetin with the albumin binding of curcumin.
On the basis of this finding, we consider that the combined use of quercetin and curcumin enhances the pharmacological effects of curcumin and that this enhancement results from the physical interaction of quercetin with plasma and tissue albumin. Further studies, including those on the anticancer effect of the curcumin and quercetin combination in tumor-bearing mice, are currently underway in our laboratory.
In conclusion, the present study suggests that quercetin could enhance the in vitro cellular uptake of curcumin and in vivo biliary exposure of curcumin, and it could be related to albumin binding interaction. The combined use of curcumin and quercetin could be used to enhance the pharmacological effect of curcumin by increasing its biliary exposure to biliary cancer cells.
